Maternal immune activation and strain specific interactions in the development of autism-like behaviors in mice. by Schwartzer, JJ et al.
UC Davis
UC Davis Previously Published Works
Title
Maternal immune activation and strain specific interactions in the development of 
autism-like behaviors in mice.
Permalink
https://escholarship.org/uc/item/79f1w1ph
Journal
Translational psychiatry, 3(3)
ISSN
2158-3188
Authors
Schwartzer, JJ
Careaga, M
Onore, CE
et al.
Publication Date
2013-03-12
DOI
10.1038/tp.2013.16
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
Maternal immune activation and strain specific
interactions in the development of autism-like
behaviors in mice
JJ Schwartzer1,2, M Careaga2,3, CE Onore2,3, JA Rushakoff4, RF Berman2,4 and P Ashwood2,3
It is becoming increasingly apparent that the causes of autism spectrum disorders (ASD) are due to both genetic and
environmental factors. Animal studies provide important translational models for elucidating specific genetic or environmental
factors that contribute to ASD-related behavioral deficits. For example, mouse research has demonstrated a link between
maternal immune activation and the expression of ASD-like behaviors. Although these studies have provided insights into the
potential causes of ASD, they are limited in their ability to model the important interactions between genetic variability and
environmental insults. This is of particular concern given the broad spectrum of severity observed in the human population,
suggesting that subpopulations may be more susceptible to the adverse effects of particular environmental insults. It is
hypothesized that the severity of effects of maternal immune activation on ASD-like phenotypes is influenced by the genetic
background in mice. To test this, pregnant dams of two inbred strains (that is, C57BL/6J and BTBR Tþ tf/J) were exposed to the
viral mimic polyinosinic-polycytidylic acid (polyI:C), and their offspring were tested for the presence and severity of ASD-like
behaviors. To identify differences in immune system regulation, spleens were processed and measured for alterations in
induced cytokine responses. Strain-treatment interactions were observed in social approach, ultrasonic vocalization, repetitive
grooming and marble burying behaviors. Interestingly, persistent dysregulation of adaptive immune system function was only
observed in BTBR mice. Data suggest that behavioral and immunological effects of maternal immune activation are strain-
dependent in mice.
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Introduction
Autism Spectrum Disorders (ASD) are a class of neurodeve-
lopmental disorders characterized by deficits in three domains
including: impairments in social interactions, deficits in
language and communication and increased stereotyped
restrictive/repetitive behaviors and interests.1 Estimates of
heritability among twin and sibling studies indicate amoderate
genetic and a substantial environmental component to the
etiology.2 Numerous reports have suggested that the mater-
nal environment, particularly stressors that disrupt develop-
ment in utero, has a significant role in the incidence of ASD.3–5
Of particular interest is the link between fetal gestation and the
state of the maternal immune system activation during critical
periods of development. Recent epidemiological reports
suggest a strong association between periods of maternal
immune activation, particularly during early pregnancy, and
an increased risk of having a child with ASD.6,7 Although these
reports suggest a relationship between maternal immune
activation and ASD, they have not yet been able to
demonstrate a causal link.
Mouse models allow for translational studies of genetic and
environmental contributions to neurodevelopmental disorders
that can potentially establish plausible etiologies in clinical
populations. For example, numerous mouse models of
maternal immune activation have demonstrated that maternal
viral and bacterial infection alters offspring behavior8–10,
resulting in ASD-like phenotypes.11 In addition, transgenic
mutant mice and inbred strains have been examined to
investigate possible genetic contributions to ASD-like beha-
viors.12–14 These studies led to the discovery of the BTBR Tþ
tf/J (BTBR) mouse as an inbred strain predisposed to exhibit
ASD-like behaviors compared with those of the species-
typical C57BL/6J (C57) mouse.15 These behaviors include
reduced levels of reciprocal social interactions,16 a lack of
species-typical sociability,15 unusual repertoire of ultrasonic
vocalizations17 and significantly higher levels of repetitive self-
grooming.15
Although mouse models have successfully identified
genetic and maternal environmental factors that contribute
to ASD independently, few studies have considered how
these two factors work in combination. It is important to fill this
gap in our knowledge, given the recent emphasis on under-
standing the importance of gene x environment interactions in
human populations.18 Previous studies investigating the role
of maternal immune activation on offspring development have
only examined the effects on a single mouse strain,8,10,11,19
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with few studies considering how genetic differences con-
tribute to the behavioral phenotype.20,21 Moreover, while the
BTBR mouse has been shown to exhibit behavioral patterns
thought to be relevant to the core domains of ASD,15 it is
unknownwhether these behaviors can be further exacerbated
by the effects of environmental insults, such as maternal
immune system activation.
The BTBRmouse exhibits aberrant immune responses that
may contribute to its characteristic phenotype.22 This link
between immune system dysregulation and ASD-like beha-
viors parallels human clinical research reporting atypical
immune system responses in individuals with ASD.23 For
example, children with ASD have increased levels of several
cytokines in the plasma, including interleukin (IL)-1 and IL-6.24
Moreover, production of the proinflammatory cytokine tumor
necrosis factor (TNF)a is increased in response to in vitro
stimulation of peripheral blood mononuclear cells from
children with ASD, and this response is associated with
increases in repetitive stereotypical behaviors.25 Given this
link between immune system dysregulation and ASD, as well
as the important role genetic makeup plays in susceptibility, it
is important to take these factors into account when using
animal models to elucidate the etiology of ASD. More
specifically in mouse models, it is important to consider how
the effects of environmental insults, such asmaternal immune
activation may be dependent on genetic variations across
strains. To this end, it is hypothesized that maternal immune
activation will further exacerbate ASD-like behaviors and
immune dysregulation in a mouse model with pre-existing
genetic susceptibility to the behavioral phenotype (that is,
BTBR). To test this, C57 and BTBR damswere exposed to the
viral mimic polyinosinic-polycytidiylic acid (polyI:C) to activate
the immune system during gestation, and the offspring were
tested for ASD-like behaviors. Following behavioral testing,
splenocytes were removed and measured for differences in
cytokine release following in vitro immune stimulation.
Materials and methods
Animals. Male and female C57 (Jackson Laboratory,
Sacramento, CA, USA) and BTBR (Jackson Laboratory,
Bar Harbor Maine) mice were bred and maintained by the
Center for Laboratory Animal Research, at University of
California, Davis, and maintained at ambient room tempera-
ture on a 12 h light/dark cycle (light on at 0600 hours).
Additionally, 129/SvImJ mice (Jackson Laboratory, Sacra-
mento, CA) were used as stimulus mice for the three-
chambered social approach task. Each strain was housed
separately, and food and water were provided ad libitum. All
behavioral procedures were performed during the first 4 h of
the light cycle, and all procedures were performed with
approval by the University of California, Davis Institutional
Animal Care and Use Committee and in accordance with the
guidelines provided by the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.
Maternal immune activation. Mice were mated overnight
and females were checked daily for the presence of seminal
plugs, noted as gestational day 0.5 (G0.5). On G12.5,
pregnant female mice were weighed and injected with a
single dose (20mg/kg; i.p.) of polyI:C (Sigma Aldrich; St
Louis, MO, USA) or saline vehicle as previously described.10
Each dam was returned to its cage and left undisturbed until
the birth of its litter. All mice pups remained with the mother
until weaning on postnatal day 21 (P21), at which time mice
were group housed 3–4 per cage with same-sex littermates.
One male and one female from each litter were used for all
behavioral tests to reduce the likelihood of litter effects.
There were a total of four possible conditions: C57-saline
(n¼ 16), C57-polyI:C (n¼ 18), BTBR-saline (n¼ 12) and
BTBR-polyI:C (n¼ 12).
Ultrasonic vocalizations. On postnatal day 6, mice were
removed from the nest and placed in a 7.5 cm diameter
holding cup in a sound-attenuated chamber. Ultrasonic
vocalizations were recorded using a mini-3 bat detector
tuned to 40 kHz and Ultravox software (Noldus Information
Technology, Leesburg, VA, USA) set to detect ultrasonic
vocalizations with durations greater than 10ms as previously
described.26,27 An amplitude filter was used to eliminate
extraneous peripheral noise. Only one male and female pup
were tested from each litter, and pups were marked with non-
toxic ink on their paws for identification and repeated
recordings were taken on P6, P8, P10, P12 and P14.
Three-chamber social approach. Ten-week-old mice were
tested for social preference using the automated three-
chambered social approach apparatus.28,29 Briefly, experi-
mental mice were placed in the center chamber and allowed
to habituate for 10min followed by an additional 10min of
free exploration of all three chambers to confirm the absence
of a side preference. Then, mice were returned to the center
chamber while a novel 129/SvImJ mouse was placed under
an inverted wire cup in one side chamber, and an identical
empty wire cup was placed on the other side. Experimental
mice were then given an additional 10min to explore both
chambers and measured for the time spent in each chamber.
The chamber containing the novel mouse was counter-
balanced to control for any bias in chamber preference.
Experimental mice were video recorded during the social
approach phase and later scored for the time they spent
sniffing the novel mouse by two independent investigators
blind to the treatments. A sociability score was calculated as
the time in social chamber minus time in novel object
chamber. All testing chambers were thoroughly cleaned with
70% ethanol in between each testing session.
Marble burying. One week following the social approach
task, mice were habituated to clean Plexiglas cages (37
14 12.5 cm) filled with a 4 cm thick layer of clean corncob
bedding for 10min. Following habituation, animals were
returned to their home cage and 15 glass marbles were laid
out in five rows of three marbles placed equidistance apart.
Mice were then returned to the cages and allowed to explore
under dim illumination for 10min. At the end of the 10min
period, animals were gently removed from the testing cages
and the number of marbles buried was recorded. Only
marbles covered by 75% or more bedding were counted as
buried, as previously described.11
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Grooming. Two days after marble burying, mice were
observed for frequency of grooming behavior. Preliminary
studies determined a significant alteration in grooming
duration when bedding was placed in the cages. Therefore,
all subsequent grooming measurements were made while
mice were in an empty clean Plexiglas cage. Grooming times
were analyzed as percent change from saline exposed C57
controls. Briefly, after 10min of habituation, animals were
video recorded for an additional 10min and later scored for
self-grooming behavior by two individuals blind to treatment
conditions. Grooming was defined as time spent licking
paws, washing the nose, face or scratching fur with any foot.
Cell stimulation. One week following behavior testing, mice
were killed by cervical dislocation and spleens collected for
tissue processing. Briefly, fresh spleens were homogenized
using a dounce homogenizer to separate splenocytes from
connective tissues and to generate cells in suspension. Cells
were then pelleted and red blood cells lysed using
ammonium chloride potassium lysis buffer. Cells (5
106ml 1) were stimulated for 24 h in a complete Roswell
Park Memorial Institute medium 1640 (Invitrogen, Carlsbad,
CA, USA) media supplemented with 10% low endotoxin, heat
inactivated fetal bovine serum (Invitrogen), 100 IUml 1
penicillin, and 100 IUml 1 streptomycin (Sigma, St Louis,
MO, USA), 25 mgml 1 gentimycin (Sigma), 50 mM 2-mecap-
toethanol (Sigma) with media alone or media containing
phorbol myristate acetate (PMA)/ionomycin (100ngml 1/
100 uM). After 24 h, supernatants were collect and stored
at  80 1C.
Cytokine analysis. The quantification of IL-6, IL-10, IL-17
and TNFa in supernatants was carried out using murine
multiplexing bead immunoassays (Millipore, Billerica, MA,
USA). Cytokine analysis was performed as recommended by
the manufacturer’s specifications. Briefly, 25 ml of super-
natant was incubated with antibody-coupled beads. After a
series of washes, a biotinylated detection antibody was
added to the beads, and the reaction mixture was detected
by the addition of streptavidin–phycoerythrin. The bead
sets were analyzed using a flow-based Luminex 100
suspension array system (Bio-Plex 200; Bio-Rad Labora-
tories, Hercules, CA, USA). Unknown sample cytokine
concentrations were calculated by Bio-Plex Manager soft-
ware using a standard curve derived from the known
reference cytokine concentrations supplied by the manufac-
turer. A five-parameter model was used to calculate final
concentrations and values are expressed in pgml 1. The
sensitivity of this assay allowed the detection of cytokine
concentrations with the following limit of detection: IL-6
(1.7 pgml 1), IL-10 (4.0 pgml 1), IL-17 (0.4 pgml 1) and
TNFa (0.7 pgml 1). Concentrations obtained below the limit
of detection were assigned a value of limit of detection/2 for
statistical comparisons. Supernatant aliquots had not under-
gone any previous freeze/thaw cycle.
Statistical analysis. Statistical analyses were carried out
using SPSS version 20 (Chicago, IL, USA). For ultrasonic
vocalizations, data were analyzed using repeated measures
analysis of variance with strain, treatment and sex as
between-subjects factors and postnatal day as within-
subjects factor. For social sniff time, grooming, and marble
burying tasks, three-way analysis of variance (strain 
treatment  sex) was performed followed by least-square
difference post hoc analysis when appropriate. For social
approach data, initial chamber preference and the presence
of a social preference were determined by separate paired-
samples Student’s t-test for each strain-treatment group.
Cytokine data were log transformed to allow for parametric
analysis and analyzed by two-way analysis of variance
(strain  treatment). Within-strain differences were analyzed
using a priori planned comparisons. Cytokine concentrations
were correlated with sociability scores, grooming and percent
of marbles buried using spearman’s rho (see Supplementary
Material). All statistical tests were two-tailed with the alpha
set at 0.05.
Results
Ultrasonic vocalizations. The number of calls elicited by
pups differed across postnatal days (F(4,53)¼ 47.62,
Po0.001) with fewer calls observed at older ages as shown
in Figure 1a. There was a significant main effect for mouse
strain, with BTBR offspring emitting more calls than C57
offspring (F(1,56)¼ 29.37, Po0.001). There was also a
significant day  treatment interaction (F(4,53)¼ 2.77,
Po0.05). Further analysis showed significant treatment
effects on P8 (F(1,56)¼ 4.54, Po0.05) and on P10 (F(1,56)
¼ 9.28, Po0.01). Individual group comparisons revealed
that on P8 offspring of polyI:C-treated BTBR dams showed
significantly increased numbers of ultrasonic vocalizations
compared with BTBR offspring of saline-treated dams
(Po0.05). This effect of polyI:C was not seen in offspring
of C57 dams (P¼ 0.60) (Figure 1b). By P10, both C57
(Po0.05) and BTBR (Po0.05) offspring whose dams were
exposed to polyI:C during gestation displayed increased
number of calls compared with offspring of saline-treated
dams of either strain (Figure 1c). Interestingly, on P10 C57
mice of dams exposed to polyI:C elicited as many calls in a
2min period as offspring of BTBR mice exposed to saline
(59±8.26 and 66±9.88, respectively). These data depict a
stepwise gene-environment interaction, in which strain or
treatment independently increase the number of ultrasonic
vocalizations but also have additive effects on pup-elicited
calls. No significant sex differences were observed across
any developmental time point (F(1,56)¼ 0.07, P¼ 0.79).
Social approach. During the initial habituation phase of the
social approach task there were no preferences for either
empty side chamber (chamber 1 versus chamber 3) across
either strain or treatment groups (Figure 2a). Although the
BTBR offspring of polyI:C-exposed dams appeared to show
a slight preference for chamber three, this preference was
not statistically significant (t(13)¼ 1.63, P¼ 0.129). As shown
in Figure 2b, C57 mice whose dams were exposed to saline
during gestation showed a strong preference for the chamber
housing a novel mouse (t(14)¼ 6.03, Po0.001). In contrast,
C57 offspring born from polyI:C-exposed dams displayed
decreased preference for the chamber containing the novel
mouse. However the preference for the novel mouse
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chamber was still significantly greater than for the chamber
containing the object (t(17)¼ 3.21, Po0.01). In contrast,
BTBR offspring whose dams were exposed to saline failed to
display a preference for the chamber with the novel mouse
over the chamber with the object (that is, lack of preference
for social stimuli) (t(11)¼ 0.02, P¼ 0.99). A similar asocial
behavior was observed in BTBR offspring of dams exposed
to polyI:C (t(11)¼  1.47, P¼ 0.17), (Figure 2b).
The sociability score, a measure of the magnitude of
preference for a social stimulus, was determined by the
difference between the time spent in the chamber with a novel
mouse minus the time spent in the chamber with a novel
object.30 A three-way analysis of variance revealed significant
strain (F(1,56)¼ 22.63, Po0.001) and treatment (F(1,56)¼
5.20, Po0.05) effects. The main effect for sex was not
statistically significant (F(1, 56)¼ 0.01, P¼ 0.91). Post hoc
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analysis revealed a significant decrease in the sociability
score for C57 offspring from dams exposed to polyI:C
compared with offspring of saline-treated C57 dams
(Po0.05) (Figure 2c). Interestingly, BTBR offspring from
polyI:C-treated dams displayed significantly lower sociability
scores compared with C57 offspring from both polyI:C
(Po0.01) and saline (Po0.01)-treated dams.
Finally, Figure 1d shows that the time spent social sniffing
was significantly different between strains (F(1,56)¼ 6.66,
Po0.05) and treatment groups (F(1,56)¼ 4.25, Po0.05).
These differences occurred independent of sex (F(1,56)¼
0.001, P40.97). Post hoc analysis revealed that C57
offspring of dams exposed to polyI:C during development
spent significantly less time sniffing the novel mouse
compared with C57 offspring of saline exposed dams
(Po0.05). Similarly, both groups of BTBR offspring spent
less time sniffing the novel mouse compared with C57
offspring of saline-treated dams (Po0.05). No differences
were observed between BTBR treatment groups.
Marble burying. During the 10min marble burying task
(Figure 3), offspring of BTBR dams buried a larger percent of
marbles than offspring of C57 dams (F(1,56)¼ 51.66,
Po0.001). In addition, offspring of dams exposed to polyI:C
buried a larger percent of marbles than offspring of dams
exposed to saline (F(1,56)¼ 10.48, Po0.01). Within mouse
strain comparisons showed that C57 offspring of dams
exposed to polyI:C buried a higher percent of marbles than
offspring of saline-exposed dams (Po0.05). Despite this
increase, C57 offspring of polyI:C-exposed dams buried fewer
marbles compared with BTBR offspring of saline-exposed
dams (Po0.05). Finally, BTBR offspring of polyI:C-exposed
dams buried a higher percentage of marbles compared with
all other groups (Po0.05 for all comparisons) (Figure 3).
Grooming. Time spent grooming for C57 offspring of saline-
exposed dams was used as a baseline (that is, 100%) and
percent change in grooming from this baseline was calcu-
lated for the other groups as shown in Figure 4. Statistical
analysis showed a significant difference in grooming between
strains, with BTBR offspring showing more grooming than
C57 offspring (F(1,56)¼ 3.93, Po0.05). There was also a
significant sex by treatment interaction (F(1,56)¼ 5.17,
Po0.05), and therefore data for male and female offspring
are presented separately in Figures 4a and b, respectively.
As shown in Figure 4a, male BTBR offspring of polyI:C-
exposed dams showed significantly more grooming than
male BTBR offspring of saline-exposed dams (Po0.05). This
effect of polyI:C exposure was not significant in male C57
offspring or in female BTBR or C57 offspring.
Dynamic immune response. Analysis of splenocyte
responses to stimulation by phorbol myristate acetate/
ionomycin, revealed significant increases in immune
response between mice strains (IL-6, F(1,45)¼ 16.53,
Po0.001; IL-10, F(1,45)¼ 20.60, Po0.001; IL-17, F(1,45)¼
18.91, Po0.001; and TNFa, F(1,45)¼ 18.91, Po0.001), with
BTBR mice expressing increased concentrations of all
cytokines measured (Figure 5). While maternal polyI:C
exposure had no effect on IL-6 production in either strain
(Figure 5a), a significant strain  treatment interaction was
observed in the release of IL-17 (F(1,45)¼ 5.44, Po0.05)
(Figure 5b), and increases of IL-10 (F(1, 45)¼ 3.29, P¼ 0.08)
and of TNFa (F(1,45)¼ 3.16, P¼ 0.08) approached statistical
significance (Figures 5c and d). Planned comparisons for
polyI:C treatment effects within strain showed that offspring
of polyI:C-treated BTBR dams produced greater levels of IL-
17 (t(22)¼ 2.82, Po0.05) and IL-10 (t(22)¼ 2.02, P¼ 0.05)
compared with offspring of BTBR-saline controls, while the
increase in TNFa was not significant (t(22)¼ 1.82, P¼ 0.08).
For C57 offspring, maternal exposure to polyI:C did not affect
release of any of the four cytokines measured. Concentra-
tions of all four cytokines measured were significantly
correlated with marble burying and grooming behavior, but
not sociability scores (see Supplementary Table S1). These
associations were most apparent across strains (see
Supplementary Figures S2–S4).
Discussion
Although heritability of ASD is substantial, the discordance
rate in ASD among monozygotic twins is also large,2,31–35
making it apparent that genetic factors alone cannot account
for the incidence of ASD. Instead, it is likely that an interaction
between genetic predisposition and environmental insult
during early prenatal or postnatal development contributes
to the etiology of ASD. The current results document
previously reported differences between C57 and BTBR
mouse strains in several behaviors relevant to autism,
including increased pup ultrasonic vocalizations,17 reduced
social approach, and more self-grooming behaviors in the
BTBR.15 In addition, the present results also show that a
single polyI:C injection on gestational day 12.5 can increase
vocalizations, impair social behaviors and increase marble
burying, with many of these effects being substantially more
robust in BTBR mice. However, polyI:C-induced changes
were not observed during the social approach task in BTBR
mice. This observation is likely due to a floor effect as BTBR
mice inherently lack social preference in the three-chambered
social approach task. Interestingly, the behavioral deficits
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Figure 3 Marble burying behavior. BTBR offspring buried significantly more
marbles than C57 offspring (Po0.001). In addition, offspring of C57 and BTBR
dams exposed to polyI:C buried more marbles than same strain offspring of dams
exposed to saline (*Po0.05).
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observed after maternal immune activation on C57 mice
closely resembled the phenotype of typical BTBR mice (that
is, BTBR-saline). These findings demonstrate that either
genetic predisposition or environmental factors may have
similar effects on behavior, but the combination of genetic
predisposition (that is, BTBR mouse strain) and exposure to
an environmental insult (that is, polyI:C) appears to be
synergistic resulting in greater behavioral impairment than
from either factor alone. Therefore, the complex spectrum of
behavioral symptoms observed in human ASD populations
may be due to the contributions of genetic, environment and to
the additive effects of these factors.
Previous research in mouse models relevant to ASD has
underscored the importance of both genetic makeup and the
environment in the development of ASD-like behaviors. For
example, systematic phenotyping of ASD-like behaviors
across mouse strains has revealed a spectrum of behavioral
responses dependent on genetic background.12,13,36 These
studies identified the BTBR strain as a model organism that
exhibits behavioral deficits modeling all three core domains of
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However, for females there were no significant treatment effects on grooming for either strain.
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Figure 5 Dysregulated cytokine responses in offspring of polyI:C-treated dams. (a) IL-6 levels were significantly higher in BTBR than C57 offspring (*Po0.05). (b) IL-17
levels were significantly elevated in BTBR offspring versus C57 mice (*Po0.05) and levels were higher in BTBR-polyI:C offspring than BTBR-saline offspring (**Po0.05).
(c) BTBR mice expressed greater concentrations of IL-10 compared with C57 mice and increased levels of IL-10 in BTBR offspring of polyI:C-treated dams compared with
BTBRmice of saline-exposed dams approached significance (yP¼ 0.05). (d) Both BTBR treatment groups expressed higher concentrations of TNFa compared with C57 mice
with even greater increases observed in BTBR offspring of polyI:C-treated dams, though not statistically significance (yP¼ 0.08).
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ASD.15 Similarly, studies have used mouse models to
examine the effects of viral and bacterial infection on offspring
behavior (for review see9). For example, Malkova et al.11
demonstrated a direct link betweenmaternal polyI:C exposure
and the expression of ASD-like behaviors in exposed
offspring. Many of the behavioral outcomes observed in
offspring of dams exposed to polyI:C in the current report are
in line with previously reported findings, including deficits in
social interaction and increased marble burying. However,
increased grooming andmore frequent ultrasonic vocalization
calls are not in agreement. These difference may reflect
variations in methodological approaches between reports
including differences in the dose, developmental dates when
injected, and the number of exposures to polyI:C. In addition, it
is important to highlight the different approaches to mitigating
litter effects between prior maternal immune activation studies
and the current findings. One plausible explanation for
discrepancies in the behavioral outcomes observed in the
current study and prior reports may be due to the finding that
maternal immune activation alters gene expression differently
for each pup within a single litter.37 This notion would suggest
that the effects of maternal polyI:C exposure on offspring
behavior are dependent on additional factors and warrants
further investigation into the mechanisms linking maternal
immune activation to the expression of ASD-like behaviors.
Activation of the maternal immune system results in a
cascade of inflammatory responses that are dependent on the
pathogenic agent. The viral mimic polyI:C is a toll-like receptor
3 agonist that stimulates maternal immune responses
resulting in behavioral alterations that are mediated through
an IL-6 dependent pathway.8 Blockade of IL-6 activity by
administering anti-IL-6 antibodies inhibits the generation of
social deficits in offspring of polyI:C-treated dams.10 More-
over, pregnant dams injected with IL-6 produce offspring
exhibiting a phenotype similar to offspring of polyI:C-treated
mothers, suggesting that polyI:C and IL-6 alter offspring
behavior through a conserved signaling pathway.8 In both
polyI:C and IL-6 treatment regimens, IL-6 activity mediates
changes in hormone growth factors important for appropriate
development.8 Moreover, maternal exposure to polyI:C alters
synaptic protein expression and downregulates specific
N-Methyl-D-aspartate (NMDA) receptor subunits in the off-
spring38, suggesting a disruption in proper neuronal con-
nectivity and an imbalance in excitatory/inhibitory inputs,39
two pathologies associated with ASD.40,41
The finding that a transient activation of the maternal
immune system during gestation can produce lasting changes
in offspring behavior underscores the importance of the
prenatal environment on brain development and the emer-
gence of complex behaviors. The gestational period is a time
of critical development when perturbations can alter neuronal
migration, differentiation and connectivity across the brain.42
Therefore, it is not surprising that environmental insults can
produce differential effects on the brain depending on when
the insult occurs during development. Indeed, maternal
treatment with polyI:C has previously been shown to elicit
distinct phenotypes in offspring dependent on whether the
immune activating agent was given early or late in gestation.
For example, offspring of dams exposed to polyI:C on
gestational day 9 exhibit impaired sensorimotor gating,
whereas mice from dams injected with polyI:C on gestational
day 17 are characterized by impairments in working
memory.19 BTBR and C57 mice in the current report were
exposed to polyI:C on gestational day 12.5, a time point
previously shown to result in autism-like behaviors in mouse
offspring.10 These differences in behavioral phenotypes
produced when the immune activating agent is introduced
early, middle or late in gestation highlight the importance of
critical developmental windows and demonstrate the diverse
behavioral outcomes that can be produced with a single
environmental insult.
In addition to the temporal onset of exposure to environ-
mental agents, genetic makeup may also contribute to the
expression of ASD-like behaviors and its underlying patho-
physiology. In this study, we found that the effects of maternal
immune activation were more pronounced in the BTBR strain
when compared with the C57 strain, supporting the notion that
the effects of maternal immune activation are dependent on
pre-existing genetic factors. This finding warrants careful
consideration of the genetic variations between strains that
may give rise to their distinct phenotypes. To date, the genetic
links to the BTBR’s ASD-like behavioral profile are not well-
understood and likely due to multiple genetic factors. One
potential gene candidate that may contribute to the additive
effects observed in the current report is the Disrupted In
Schizophrenia 1 (Disc1) gene. BTBRmice are an inbred strain
derived from the 129 mouse,43–45 a strain known to lack the
Disc1 gene.46 Transgenic mice possessing a mutant
form of Disc1 show increased anxiety, depression and social
behavior deficits when born from dams exposed to polyI:C
during gestation,47 demonstrating the important role that
gene environment interactions play in behavioral outputs.
These Disc1 mutant mice were also reported to express
altered cytokine levels that were futher disrupted when their
dams were exposed to polyI:C. Similarly, BTBR mice in the
current report produced greater release of IL-6, IL-17, IL-10
and TNFa when challenged with phorbol myristate acetate/
ionomycin compared with C57 mice, and these increases
were further exacerbated in offspring of dams whose immune
system was activated during gestation by polyI:C. While our
findings follow similar trends to previous reports,47 these
similarities must bemet with caution as the studies differ in the
timing of polyI:C exposure. Interestingly, one report sug-
gested that maternal immune activation is associated with the
increase of IL-6 and IL-17 production in C57 offspring.48
However, in the current study, C57 offspring of polyI:C-treated
dams tested as adults failed to exhibit alterations in IL-6
production, a finding consistent with other reports demon-
strating altered cytokine levels in periadolescence but not
adult offspring of maternal immune activated dams.49
The potential contributions of peripheral cytokine dysregu-
lation on central nervous system function is an area of
research that is gaining attention in the study of neurodeve-
lopmental disorders. Cytokine receptors are expressed in the
brain and exhibit region-specific difference in their distribution
patterns across development.50,51 Although cytokine proteins
do not readily penetrate the blood brain barrier, there are
several mechanisms that are proposed to mediate cytokine
signaling between the periphery and the brain. These
pathways include active transport through the blood–brain
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barrier,52 activation of peripheral nerve fibers (for example,
vagus nerve) that innervate cytokine releasing cells in the
brain,53 and recruiting peripheral immune cells (that is,
monocytes/macrophages) into the brain.54 Although cyto-
kines were originally identified as immune-specific signaling
molecules, it is becoming increasingly apparent that their
release can modulate neuronal function. For example, IL-6
and TNFa modulate serotonin production through the activa-
tion of indoleamine-2,3-dioxygenase55, and TNFa release can
alter both glutamate release and reuptake.56,57 In mice,
disruption of cytokine signaling through receptor blockade or
gene deletion produces cytokine-specific changes in ASD-
related behaviors, including memory deficits and social
withdrawal (for review see23). Together, the complex interplay
between immune and neural signaling along with our reported
association between behavioral deficits and cytokine con-
centrations warrant future research on immune-related treat-
ment strategies to target ASD-like behaviors.
In summary, our findings demonstrate the additive effects of
genetic predisposition and maternal polyI:C exposure on the
severity of ASD-like behaviors in mice. Moreover, maternal
immune activation potentiates immune responses in offspring
in a strain-dependent manner. These data further indicate the
need to consider how genetic predisposition may exacerbate
or protect against the effects of environmental insults in the
etiology of ASD and underscore the importance of strain
selection in the use of rodent models of neurodevelopmental
disorders.
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